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Introduction
and contains the stem-loop structure selected by SELEX (31) . RNA 645/677 contains sequences 645 to 677 from mouse ribosomal RNA that include the conserved ECM motif. We have previously shown that interaction of nucleolin with this RNA requires the ECM sequence (34) . These labeled RNAs were used in a UV-cross-linking experiment in presence of increasing amount of R12 and R1234 proteins ( Figure 1B ). After UV-cross-linking and RNAse digestion, proteins were resolved on SDS-PAGE. As previously described (24, 25) , the NRE RNA interacts with R12 and R1234 with the same efficiency ( Figure 1B, lanes 1-8) .
In contrast, no cross-linking was observed between RNA 645/677 and R12 (lanes 9-11) while the R1234 protein interacts with this RNA (lanes 12-14). This experiment suggests that different combinations of RBDs were used for the specific interaction with the NRE and the ECM motifs.
To determine which RBDs are involved in the interaction with RNA 645/677 , several recombinant proteins (see Figure 1A) were produced in E. coli, purified and used in the UV cross-linking assay ( Figure 1B) . Deletions of the first (R234, lanes [18] [19] [20] or the fourth (R123, lanes [15] [16] [17] RBD drastically reduced the cross-linking level compared to R1234 (lane [12] [13] [14] . To further confirm this experiment, we compared the interaction of full-length nucleolin with several recombinant proteins using a filter-binding assay ( Figure 1C ).
Proteins and labeled RNAs were incubated at room temperature, and filtered through a nitrocellulose filter. Only the RNA bound to the protein is retained on the filter, and the percentage of bound RNA can be determined using a phosphoimager. Nucleolin and the R1234 protein interact with the same affinity with RNA 645/677 (K d of about 75 nM).
Deletions of the last RBD (R123), the last two (R12) or the first two (R34) RBDs drastically reduced the interaction with this RNA. These experiments show that all RBD domains of nucleolin are required for the interaction with RNA 645/677 .
To further characterize the interaction of the 4 RBDs with this RNA target, point mutations were performed within each RBD. A characteristic feature of the RBD is the octamer RNP-1 motif that contains several aromatic residues involved in RNA-binding. The presence of these aromatic residues is absolutely required for the binding activity of most RBDs (25, 37) . The mutation of these amino-acids to leucine residues in each RBD was performed (Figure 2A) , and each recombinant protein was purified and used in a gel shift assay ( Figure 2B ). Quantification of these gel shifts using a phosphoimager is shown in 
Interaction of nucleolin with SELEX selected sequences.
A SELEX experiment performed with nucleolin (31) identified the NRE motif in 50% of the selected sequences. The remaining sequences show a significant homology to the ECM motif and are efficient competitor for the interaction of nucleolin with the ECM motif (34) . To determine if the interaction of nucleolin with the selected sequences which show homology to the ECM also required all 4 RBDs, one selected sequence (N25-358) was used in a UV crosslinking experiment (Figure 3 ) with several recombinant proteins and was compared to the cross-linking obtained with RNA 645/677 . Deletion of the first (R234, lanes 11-12) or the last (R123, lanes 9-10) RBD drastically reduced the interaction with RNA N25-358 compared to wild type R1234 protein (lanes [7] [8] . This experiment show that the integrity of all 4 RBDs of nucleolin is required for the interaction with the SELEX selected sequence which present homology with the ECM motif. It further suggests that the 11-nt, which are found within this motif and partially in the selected sequence, are key determinants for the specific interaction of the 4 RBD of nucleolin.
Interaction of nucleolin with the ECM motif is conserved between hamster and Xenopus

laevis.
Previous experiments have shown that human, mouse and hamster nucleolin interacted with the same binding affinity and specificity with the NRE RNA (25, 35) . This interaction requires the joint action of the first two RBD, which are well conserved in all these species. Although nucleolin RBDs are overall well conserved between human, mouse and Xenopus laevis, some significant differences can be found in RBD 1 and 2 between human and Xenopus (only 53% identity to the hamster protein) (29) . To determine if fulllength or the first-two RBD (X.l.R12) from Xenopus interact with the NRE motif, we performed a cross-link experiment with purified protein (data not shown) or recombinant X.l.R12 protein and compared it to the interaction of hamster R12 with the NRE ( Figure 4A ). Interestingly, nucleolin purified from Xenopus is able to activate the first processing step in vitro (34) and the interaction of the Xenopus nucleolin with the ECM also requires all four RBD (Figure 4 ). This conserved interaction of nucleolin with the ECM sequence through evolution indicates that nucleolin plays an important role in this first processing step.
Nucleolin interacts with several RNA targets
A SELEX experiment performed with hamster nucleolin (31) had characterized several RNA binding sequences. Half of these sequences form a small stem-loop structure (NRE) with a short stem (5 base pairs) and a 7-10 nt loop containing the (U/G)CCCGA motif. Similar motifs are found all along pre-rRNA, and interaction of nucleolin with these sequences is believed to be involved in pre-ribosomal assembly (20, 35) . Nucleolin from hamster, mouse and human origin bind to the NRE motif with high affinity (25, 31, 35 Interestingly, RBD 1 and 2 of Xenopus nucleolin are only 53 % identical to the hamster sequence, whereas human and mouse are about 85 and 96 % identical, respectively, to the hamster protein (29) . This suggests that key amino acids involved in the recognition of the NRE are not conserved within RBD 1 and 2 of the Xenopus nucleolin. Indeed, structural analysis of the complex between hamster R12 and NRE has indicated that key amino-acids residues involved in the interaction with the NRE RNA are not conserved in the Xenopus protein (20) . This could explain why the Xenopus R12 protein does not interact with the NRE. Whether these RBDs are involved in the interaction with another target remains to be determined.
The remaining sequences selected by SELEX showed significant homology with the ECM motif found 5 nt downstream the first processing site of rRNA (31, 34) . We have shown that the specific interaction of nucleolin with the ECM motif is required for cleavage of the RNA 5 nt upstream this motif in vitro (33, 34) 
). All recombinant plasmids were sequenced to confirm the presence of the mutations. 
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